The genome of a wild-type solventogenic Clostridium sp. strain LJ4 that could directly convert undetoxified lignocellulosic hydrolysate to butanol and tolerate high concentration of furan and phenolic derivates occurring in the lignocellulosic hydrolysate is described. 16S rDNA gene sequencing and analysis indicated that it is closely related to Clostridium acetobutylicum. The genome size of strain LJ4 is 3.90 Mp, which has a G + C content of 30.72% and encodes 2711 proteins. It also has one 0.19 Mp plasmid with 181 predicted encoding proteins. Alcohol dehydrogenases (ADs) and a nicotinamide adenine dinucleotide phosphate (NADPH)-dependent flavin mononucleotide (FMN) reductase were identified, which may play key roles in inhibitors' resistance in lignocellulosic hydrolysate.
Butanol has been considered as a potential biofuel, which could be directly used without modification of current engines. In addition, butanol contains higher energy content for a given volume than ethanol. Solventogenic Clostridium species are able to produce butanol through acetone-butanol-ethanol (ABE) fermentation process (Lee et al. 2016; Shanmugam et al. 2018) . However, ABE fermentation shows several major drawbacks, including the high cost of substrates, low productivity and high recovery costs (Baral and Shah 2014; Gu et al. 2011) . To overcome these obstacles, one option is to utilize renewable lignocellulosic materials as substrates, such as corn fiber, wheat straw and bagasse fiber. However, during the pretreatment process of lignocellulosic materials, various lignocellulose-derived microbial inhibitory compounds (LDMICs) are generated along with reducing sugars, which significantly inhibit the cell growth and metabolism (Ezeji et al. 2007) . Although series of inhibitor removal technologies have been developed including physical and chemical methods; however, it may not be economically viable due to the high operation cost and potential loss of fermentable sugars (Dong et al. 2018; Sharma et al. 2017) . To make bioconversion of lignocellulosic biomass to butanol more economically feasible, development of an inhibitor-tolerant strain is still crucial.
In the present study, Clostridium sp. strain LJ4, a strictly anaerobic and gram-positive solventogenic bacterium was isolated from the compost containing soil sample in Pearl Spring, Nanjing, China. The culture has been preserved in China Center for Type Culture Collection (Wuhan, China) under the deposit number of CCTCC M2017754. Strain LJ4 could directly produce butanol from the undetoxified lignocellulosic hydrolysate. When 60 g/L of glucose was Nucleotide sequence accession numbers This Whole Genome project has been deposited into GenBank. The chromosome is under the accession of CP030018 and the plasmid is under the accession of CP030019. (Ezeji et al. 2007; Guo et al. 2012; Jurgens et al. 2012) . To determine the reason for the increased resistance to inhibitors, the draft genome of strain LJ4 was accordingly sequenced and putative genes for enzymes likely to be involved in the process were identified (Chen et al. 2018) . Strain LJ4 was cultivated in mineral salts medium added with glucose as the sole carbon source for 5 days and its genomic DNA was extracted using G + bacteria genomic DNA kit (ZOMANBIO, China). 16S rDNA gene of strain LJ4 was first amplified from its genome. Based on the 16S rDNA gene sequence comparison in NCBI website, strain LJ4 belongs to the genus of Clostridium. Sequences were then aligned using Clustal W interface in MEGA 5.01 based on the neighbor joining method, and bootstrap values were based on 1000 replicates (Fig. 1) . The nearest neighbor of strain LJ4 is C. acetobutylicum strain ATCC824 (Accession number NR_074511.2), which shares 99.78% similarity with strain LJ4 calculated by ANI. Furthermore, the genomic DNA of strain LJ4 was broken into small fragments with an average of 500 bp using a nebulization technique, and then DNA libraries were accordingly constructed. The draft genome was sequenced using Illumina HiSeq 2500 system ( Table 2 ). The result contained 19,725,674 raw reads of chromosome and 192,126 raw reads of plasmid. However, in high-throughput sequencing, some sequencing errors often occur and the sequence quality is relatively low. To obtain higher quality and more accurate biological information analysis results, the original sequencing data needs to be optimized by Cutadapt (version 1.9.1) (Martin 2011) . The standard included removed DNA spike-in, adaptors and Table 1 Inhibitors' tolerance comparison of solventogenic Clostridium strains "-" means the inhibitor was not investigated in the study ambiguous or low-quality reads (the reads containing more than 10% N or the length less than 75 bp after trimming and the quality score of bases are less than 20). Paired reads have 92.47% of bases with quality score Q30 higher than the raw 85.48% (Q30 is the quality score specified by Illumina, indicating the probability of errors in basecalling lower than 0.1%). Furthermore, based on the optimized data, the filtered reads (16,473,780 of chromosome, 192 ,126 of plasmid) were assembled using de novo through the method of de Bruijn graphs by software of Velvet (version 1.2.10) (Zerbino and Birney 2008) . The draft genome was predicted to include 3892 proteincoding sequences including 181 sequences located in the plasmid by the software of prodigal (version 3.02) (Hyatt et al. 2010) . Non-coding RNAs including 38 rRNAs and 66 tRNAs were obtained by comparing with the Rfam (version 12.0) database (Nawrocki et al. 2014 ). For better understanding, these genes were annotated in non-redundant protein (NR), gene ontology (GO), kyoto encyclopedia of genes and genomes (KEGG) and cluster of orthologous groups of proteins (COG) databases. It is worth mentioning that genes were classified into 23 kinds of protein functions in COG database, including defense systems, energy production and replication, recombination and repair, etc., which contribute to inhibitors' tolerance in lignocellulosic hydrolysate. Generally, toxic inhibitors would be completely or partially metabolized to less toxic compounds by inhibitor tolerating strains through limitation of the uptake or enhancement of the extrusion, or regulation of expression levels of transcription factors associated with toxicity tolerance and some heat shock proteins (Liu et al. 2018; Zhang et al. 2015) . Within the chromosome of strain LJ4, gene 3-352 [alcohol dehydrogenases (ADs)] and gene 3-409 [a nicotinamide adenine dinucleotide phosphate (NADPH)-dependent flavin mononucleotide (FMN) reductase] were found, which may be responsible for converting toxic inhibitors into less toxic compounds. The amino acid sequences of predicted genes were searched for similarity against protein data bank archive (pdb) database in the NCBI website, and top 10 hits were chosen to study the phylogeny of respective enzymes. Sequences were aligned using ClustalW interface in MEGA 5.01 based on the neighbor joining method, and bootstrap values were based on 1000 replicates (Fig. 2) . Ads (gene 3-352) exhibited 57% similarity with the annotated bacterial sequence Yqhd from E. coli (Accession number: 4QGS_A). And gene 3-409 (NADPH-dependent FMN reductase) showed 40% with the annotated bacterial sequence Ylr011wp from Saccharomyces cerevisiae (Accession number 1T0I_A). ADs have been reported to convert furfural and HMF into their relevant alcohols with the consumption of intracellular energy and reducing power (NADH/NADPH), which has been described in ethanologenic microorganisms including S. cerevisiae and Zymomonas mobilis (Agrawal and Chen 2011; Liu et al. 2008) . For instance, S. cerevisiae could convert 2.88 g/L of furfural into 2.94 g/L furfuryl alcohol with the catalysis of ADs (Liu et al. 2005) . Similarly, C. acetobutylicum ATCC824 could also convert 1.63 g/L of furfural into 1.66 g/L furfuryl alcohol ) with the catalysis of ADs, suggesting that strain LJ4 may also adopt the similar mechanism to reduce the toxicity of furfurals. Phenolic compounds, such as ferulic acid can be metabolized by phenolic acid decarboxylase and reductase in Lactobacillus sp. and S. cerevisiae (Filannino et al. 2015; Mukai et al. 2014) . Phenolic acids reduction involves a hydrogen donor and the re-oxidation of the reduced co-factor NADH, which may provide metabolic advantage through NAD + regeneration (Filannino et al. 2015; Liu et al. 2017) . Within solventogenic Clostridium sp., NADPH-dependent FMN reductase has been reported to be responsible for ferulic acid tolerance. For instance, 0.50 g/L of ferulic acid was completely converted into the less toxic phenolic compound of hydroferulic acid by C. beijerinckii 4693: int after 12 h (Liu et al. 2017) . Though the detailed molecular mechanisms remained unclear, the existence of NADPH-dependent FMN reductase within strain LJ4 may play key roles for ferulic acid tolerance. Taken together, due to the presence of ADs and NADPH-dependent FMN reductase, strain LJ4 could tolerate high concentration of inhibitors in lignocellulosic hydrolysate. However, future studies are still needed to characterize these enzymes and elaborate the tolerance mechanism clearly. 
